Cytochrome P450 46A1 (CYP46A1) is a microsomal enzyme and cholesterol 24-hydroxylase that controls cholesterol elimination from the brain. This P450 is also a potential target for Alzheimer disease because it can be activated pharmacologically by some marketed drugs, as exemplified by efavirenz, the anti-HIV medication. Previously, we suggested that pharmaceuticals activate CYP46A1 allosterically through binding to a site on the cytosolic protein surface, which is different from the enzyme active site facing the membrane. Here we identified this allosteric site for efavirenz on CYP46A1 by using a combination of hydrogen-deuterium exchange coupled to MS, computational modeling, site-directed mutagenesis, and analysis of the CYP46A1 crystal structure. We also mapped the binding region for the CYP46A1 redox partner oxidoreductase and found that the allosteric and redox partner binding sites share a common border. On the basis of the data obtained, we propose the mechanism of CYP46A1 allostery and the pathway for the signal transmission from the P450 allosteric site to the active site.
Cytochrome P450 46A1 (CYP46A1) 2 is a heme-containing, microsomal monooxygenase that catalyzes regio-and stereoselective hydroxylation of cholesterol to 24(S)-hydroxycholesterol (24HC) (1, 2) . Cholesterol 24-hydroxylation represents the major mechanism for cholesterol elimination from the mammalian brain and accounts for ϳ75-85% of cerebral cholesterol removal in humans and ϳ40 -50% of cholesterol disposal in mice (3) (4) (5) . Studies in vitro and in vivo revealed that CYP46A1 can bind compounds other than cholesterol, including sterols and some marketed drugs (6 -13) , with compound binding leading to enzyme inhibition (8, 10) . Unexpectedly, several inhibitory pharmaceuticals were also found to act, at specific concentrations, as enzyme activators enhancing CYP46A1-mediated 24HC production (7, 13) . Both increase and decrease of CYP46A1 activity have therapeutic potential (14) ; therefore, we began to ascertain the molecular basis of CYP46A1-drug interactions. Spectroscopic and crystallographic characterizations of substrate-free, substrate-bound, and seven CYP46A1-drug complexes established that inhibitory drugs bind to the enzyme active site because it is plastic and can accommodate compounds of different sizes and shapes because of a ligand-induced conformational fit (7, 9 -12) . In contrast, binding of the activating drugs is not yet fully understood but began to be elucidated for efavirenz (EFV), a Food and Drug Administration-approved anti-HIV medication. We established that, both in vitro and in vivo (in mice), the dependence of CYP46A1 activity on EFV concentration represents a bell-shaped curve with CYP46A1 activation at low EFV concentrations and inhibition at higher drug concentrations (13) . We also generated a model of CYP46A1 activation by EFV (13) according to which CYP46A1 has two separate sites: the allosteric site located on the cytosolic surface of the molecule and the active site embedded in the lipid bilayer. At low concentrations, EFV is suggested to activate CYP46A1 because of preferential binding to the allosteric site which is on the CYP46A1 surface and is more accessible to EFV than the active site interacting with the membrane. At high concentrations, however, EFV begins to also bind to the CYP46A1 active site and thereby either prevents cholesterol from binding to the active site or displaces cholesterol from this site, thus causing CYP46A1 inhibition. To gain insight into a possible location of the allosteric site, we conducted in silico EFV dockings that identified several regions on the CYP46A1 surface that have potential to bind EFV (13) .
CYP46A1 activation by EFV is of high clinical relevance because mouse models of Alzheimer disease with genetically increased CYP46A1 activity have improvements in memory and learning and reduction in amyloid ␤ pathology (15, 16) . Even in the absence of amyloid deposits, CYP46A1 up-regulation could be beneficial for cognition, as demonstrated by the memory improvement in aged normal mice (17) . Accordingly, pharmacologic activation of CYP46A1 by EFV, a drug of good (85%) central nervous system penetration (18) , has a strong potential as a new anti-Alzheimer disease therapy.
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Here we mapped the EFV-binding site experimentally by utilizing hydrogen-deuterium exchange (HDX) MS. Specifically, we employed differential HDX, in which CYP46A1 was subjected to HDX in the presence and absence of cholesterol and EFV, and the HDX kinetics for the liganded and unliganded protein states were monitored and compared (21, 22) . Reduced HDX is usually observed at the site(s) of ligand interaction but sometimes reflects allosteric effects (22) . Therefore, to better interpret our HDX data, we revisited our previous computational dockings (13) and conducted site-directed mutagenesis based on one of our previous in silico models of the EFV-CYP46A1 allosteric binding. The data obtained significantly enhance our understanding of the CYP46A1 allostery and structure-function relationships in the P450 superfamily and provide important structural information for the search of additional CYP46A1 activators among marketed drugs and development of novel, more potent CYP46A1-activating compounds.
Experimental Procedures
Materials-The S isomer of EFV (brand name Sustiva) was purchased from Toronto Research Chemicals Inc. (Toronto, ON, Canada) and used for preparation of stock solutions (0.5-10 mM) in methanol. Cholesterol was obtained from Steraloids (Newport, RI) and dissolved in 4.5% aqueous 2-hydroxypropyl-␤-cyclodextrin for the 0.2-5 mM stocks. All other reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Full-length and two truncated forms, ⌬(3-27) and ⌬(2-50), of CYP46A1 with a four-histidine tag on the C terminus were used (6, 23, 24) . The ⌬ or ⌬(2-50) truncations do not abolish CYP46A1 activation by EFV or alter the shape of the enzyme activity curves versus EFV concentrations ( Fig. 1 ). Also, these truncations do not significantly affect the CYP46A1 catalytic properties in the absence of EFV because they remove the N-terminal transmembrane region that is not a part of the enzyme active site. This transmembrane region anchors the CYP46A1 catalytic domain to the endoplasmic reticulum because the catalytic domain is associated with the membrane only peripherally (7, 23, 25) . Full-length and truncated forms of CYP46A1 were expressed in Escherichia coli and purified as described previously (23, 24) . Rat NADPH cytochrome P450 oxidoreductase (OR) was also expressed in E. coli and purified as described previously (26) . Rat OR shares Ͼ90% of sequence identity with human OR, has a very similar crystal structure, and is frequently used instead of human OR in studies of human microsomal P450 enzymes (27, 28) . The expression plasmid for rat OR was provided by Dr. F. Guengerich (Vanderbilt University).
Sample Preparation for HDX-Four different samples of 4 M ⌬(2-50)CYP46A1 in 50 mM potassium phosphate buffer (KP i , pH 7.2) containing 100 mM NaCl were prepared: CYP46A1 only, CYP46A1 with 20 M cholesterol, CYP46A1 with 20 M EFV, and CYP46A1 with both 20 M EFV and 20 M cholesterol. The final sample volume was 1 ml, and reagents were mixed in the following order. First, chilled 50 mM KP i (pH 7.2) containing 100 mM NaCl was added to the tube placed on ice. Then 20 M EFV, when included, was added and mixed with the buffer by gently tapping the tube. Next, 4 M CYP46A1 was added and gently mixed. Lastly, 20 M cholesterol, when included, was added and gently mixed. Sample mixtures were incubated for 15 min at room temperature to establish binding equilibrium. After incubation, protein samples were stored prior to analysis in the autosampler, which was maintained at 1°C. HDX-LC-MS-These studies were conducted on a fully automated HDX PAL robot (LEAP Technologies, Carrboro, NC) carrying out sample labeling, quenching, in-line proteolysis, desalting, and analytical separation coupled to a Thermo LTQ Velos Orbitrap Elite mass spectrometer (Thermo Fisher, San Jose, CA). Protein samples (4 M, a total of 5 l) were diluted by the PAL robot into 21 l of D 2 O buffer (50 mM KP i (pH 7.2) containing 100 mM NaCl), and HDX was performed at 25°C in triplicate for 30-s, 1-min, 5-min, 15-min, and 1-h exchange times. CYP46A1 samples in undeuterated buffer served as 0-s controls. Exchange reactions were quenched by addition of 35 l of 3 M urea and 100 mM sodium phosphate (pH 2.5) at 1°C, followed by either digestion for 3 min in-line with an immobilized pepsin column (Enzymate BEH, 2.1 ϫ 30 mm, 5 m, Waters, Milford, MA) or digestion for 2 min with an immobilized protease XIII column (2.1 ϫ 30 mm, NovaBioAssays, Woburn, MA). Peptide digests were loaded onto a C18 guard column (1.0 mm, 5 m, Grace Discovery Sciences) for desalting, followed by separation on a Dionex Ultimate 3000 ultra performance liquid chromatograph (UPLC) with a C18 Hypersil Gold analytical column (1.0 mm ϫ 5 cm, 1.9 m, Thermo Scientific) at a flow rate of 50 l/min. A 9.5-min gradient between solvent A (0.1% aqueous formic acid) and solvent B (80% aqueous acetonitrile containing 0.1% formic acid) was used: from 5% to 35% of solvent B for 3 min, from 35% to 70% of solvent B for 5 min, from 70% to 100% solvent B for 0.5 min, 100% solvent B for 0.5 min, and from 100% to 5% solvent B for 0.5 min. To minimize back exchange, the temperature of all LC connection lines and valves in the HDX PAL compartment was 1°C. Peptide analysis was performed on the Orbitrap of a Thermo LTQ Velos Orbitrap Elite using the following settings: spray voltage, 3.7 kV; sheath gas flow rate, 25; capillary temperature, 270°C; and resolution, 60,000.
To reduce carryover between protein samples, several washing steps were performed. First, after each sample injection, the protease column was washed with 50 l of 1.5 M guanidine-HCl in water containing 0.1% formic acid. Second, after each chromatographic separation, a short blank was run to wash the C18 Hypersil Gold analytical column. Additionally, after each protein sample, a full PAL-Orbitrap system blank was run twice using H 2 O in place of protein. These washing steps removed all carryovers, as determined by MS/MS analyses of the blank runs.
Peptide Mapping and Sequence Coverage of CYP46A1-Pepsin and protease XIII digests of substrate-free CYP46A1 under the conditions of 0-s HDX were subjected to LC-MS/MS followed by MASCOT (Matrix Science, Oxford, UK) analysis for peptide identification. MS data were acquired by the Orbitrap to accurately measure peptide precursor masses. Fragment peptides and product ions were then obtained by collision-induced dissociation and measured in the LTQ ion trap. Data-dependent acquisition was performed for the six most abundant ions per full scan. To increase the number of identifications, dynamic exclusion was used by excluding an ion for 40 s after the ion was detected twice within a 30-s interval. Subsequent data analysis by MASCOT used the following settings: enzyme, none; MS tolerance, 20 ppm; MS/MS tolerance, 0.5 Da; variable modification, oxidation; peptide charge of 1ϩ, 2ϩ, 3ϩ, and 4ϩ. Peptides with an ion score below 20 were not considered. Other peptides were manually confirmed by fragment ion assignment. Identified peptide sequences and their associated retention times were imported into HDX WorkBench (Scripps Research Institute, Jupiter, FL) (29) to serve as a reference for HDX-MS data.
Data Acquisition and HDX-MS Analyses-Full-scan LC-MS data without fragmentation were acquired in triplicate for four CYP46A1 samples under HDX conditions of 30-s, 1-min, 5-min, 15-min, and 1-h exchange times. Peptides matching the LC-MS/MS reference set and having suitable signal intensity were then identified and extracted from all HDX LC-MS data files. These data were saved as the peptide set. The centroid mass of each isotopic envelope (m) and the percentage of deuterium (D%) were calculated by HDX WorkBench using the following equation (30):
The resulting data were manually interrogated to adjust the width of spectra included around the isotopic envelope to exclude background ions outside of the measured isotopic envelope. Chromatography was optimized to minimize co-elution during LC-MS. In instances of co-elution, isotopic envelopes were distant in m/z values, avoiding any measurement errors. In rare cases of overlapping isotopic envelopes, individual isotope peaks were matched to expected values calculated by the software, thereby omitting ions from an overlapping isotopic envelope. The three levels of separation (chromatography, MS, and HDX WorkBench) ensured confidence in the data quality and measurements. To reduce redundancy in peptides with multiple charge states, the charge state with the greatest signal intensity for each peptide was selected to report the data because the charge state had no effect on deuterium measurements (supplemental Fig. S1 ). Correction factors for back exchange and deuterium content were not necessary for relative quantification in two-sample comparisons. HDX Work-Bench also generated kinetic plots of deuterium uptake, with each plotted data point representing an average of triplicate measurements.
Differential HDX-These analyses were carried out by HDX WorkBench. Differential D% values were determined (⌬D%) for each peptide pair by calculating the difference between their mean D% values representing the average of all time points. The significances in ⌬D% (p Ͻ 0.05) were then established by paired t tests (HDX Workbench), and differential HDX maps were generated by consolidating peptide-level information into a single, linear amino acid sequence and showing only the regions with the statistically significant differences. Consolidation of differential HDX peptide data were performed by initially using data from the shortest non-overlapping peptides, which yielded the highest resolution, and then by using successively longer peptides to complete gaps in coverage areas.
Site-directed Mutagenesis, CYP46A1 Expression, and Purification-The mutations were introduced in the ⌬(3-27)CYP46A1 expression construct (23) using an in vitro QuikChange site-directed mutagenesis kit (Stratagene) according to the instructions. The correct generation of desired mutations and the absence of undesired mutations were confirmed by DNA sequencing of the entire CYP46A1 coding region as well as the restriction analysis. The mutant P450s were heterologously expressed in E. coli and purified as described previously (24) .
Enzyme Assay for CYP46A1 Activation by EFV-The conditions of the assay were as described previously (13) with the following reagent concentrations: 50 mM KP i (pH 7.2), 100 mM NaCl, 40 g/ml of dilauroylglycerol-3-phosphtidylcholine, 0.02% Cymal 6, 0.5 M purified P450, 1.0 M OR, 10 nM [ 3 H]cholesterol, 20 M cold cholesterol, 5-100 M or 20 M EFV, and 1 mM NADPH. Enzymatic reactions were carried out for 30 min. The total product formation was linear with time and CYP46A1 concentration, and the formation of 24HC (the first CYP46A1 product) was maximal.
Kinetic Parameters for the OR-CYP46A1 Complex-These were determined by measuring the rates of cholesterol 24 hydroxylation by ⌬(3-27)CYP46A1 at constant P450 (0.5 M) and cholesterol (15 M) concentrations and varying redox partner concentrations (0 -10 M). The assay was performed in 1 ml of 50 mM KP i (pH 7.2) and 100 mM NaCl. Enzymatic reactions proceeded for 5 min, a time when only one product, 24HC, was formed. The reaction rates for 24HC formation were linear with time and CYP46A1 concentration. The K m and k cat of OR for CYP46A1 were calculated with GraphPad Prism software (GraphPad Software, San Diego, CA) using the Michaelis-Menten equation.
Spectral Binding Assay-This assay and subsequent K d determination were carried out as described previously (11, 13) in 1 ml of 50 mM KP i (pH 7.2), containing 100 mM NaCl and 0.4 M ⌬(3-27)CYP46A1. The spectral data were fit using the hyper-bolic equation (when apparent spectral K d was higher than the enzyme concentration), quadratic equation (when apparent spectral K d was lower than the enzyme concentration assuming 1:1 stoichiometry), or the Hill equation (when cooperativity of binding was observed). No corrections were done for the affinity of cholesterol for 2-hydroxypropyl-␤-cyclodextrin and other components in the assay buffer. Hence, the determined K d values represent the apparent values.
Results
Sequence Coverage of CYP46A1 in the Presence of Different Ligands-Pepsin is traditionally the protease of choice for HDX-MS analysis because of its nonspecific proteolysis and production of short, overlapping peptides that improve sequence coverage. However, we found that some of the CYP46A1 regions were overdigested by pepsin, yielding peptides too small for MS analysis. This overdigestion created gaps in the enzyme sequence coverage and could not be overcome by a short, 3-min treatment time (data not shown). Therefore, we employed another protease, protease XIII, which is operational under the same conditions as pepsin and generates a different sequence coverage map. This strategy led to a more complete sequence coverage than using a single protease: 85% for substrate-free and EFV-bound CYP46A1 and 88% for CYP46A1 either in complex with cholesterol alone or in complex with both cholesterol and EFV (supplemental Figs. S2-S4 ). The high sequence coverage from the combinatorial protease approach and the data collection (triplicate measurements at each of the five exchange time points) produced high-quality deuterium uptake results that enabled subsequent differential HDX analyses.
Differential HDX-Three CYP46A1 pairs were compared: complex with cholesterol versus substrate-free enzyme to test the validity of differential HDX, double complex with EFV and cholesterol versus complex with cholesterol to map the EFV binding site and gain insight into the mechanism of CYP46A1 allostery, and complex with EFV versus substrate-free enzyme because EFV-bound CYP46A1 has not yet been crystallized. Differential HDX for the first CYP46A1 pair showed only a decrease in HDX (Fig. 2 , A and C, and supplemental Fig. S3 ), consistent with our previous crystallographic studies establishing that substrate (cholesterol sulfate) binding makes the P450 active site more compact and less flexible (7) . Indeed, the affected regions in this differential HDX were mostly those involved in the interactions with cholesterol, either directly (the A, B', F, and I (C terminus) helices along with the ␤1-1, ␤1-2, ␤1-4, ␤4-1, and ␤4-2 sheets) or indirectly (the B and I (N terminus) helices and the ␤3-3-␤4-1 loop, Fig. 2, A and B) . Only the D helix and adjacent D-E loop were away from the active site.
Differential HDX comparing cholesterol-bound CYP46A1 versus CYP46A1 double complex with EFV and cholesterol revealed a good candidate region for the EFV allosteric site. This candidate allosteric site was the only region with decreased deuterium uptake (the K" helix and adjacent K"-L loop; Fig. 3, A and C, and supplemental Fig. S4 ) and was located on the surface of the P450 molecule facing the cytosol (Fig. 3B ). An increase in deuterium uptake was found in this analysis as well (Fig. 3, A and C) and was associated with the peptides involved in substrate binding (Fig. 3B ). This result further supports the validity of our differential HDX analysis and the proposed model because it demonstrates that binding of EFV to the allosteric site does affect the CYP46A1 active site.
Finally, a comparison of EFV-bound CYP46A1 versus substrate-free enzyme did not find any peptides with statistically significant differences in the kinetics of HDX exchange because the observed differences were very small (Ͻ5%, supplemental Fig. S2) .
Site-directed Mutagenesis-Mapping of the putative allosteric site to the K" helix region prompted us to investigate whether EFV interacts with this region in our previous computational dockings (13) . One such model was found, in which EFV was sandwiched between the K" helix and the K"-L loop with the Lys-422 carbonyl and Arg-424 side chain from the latter restricting the position of the cyclopropyl ring of the drug (Fig. 4A ). Lys-422 and Arg-424 could also play other functional roles because their side chains are positively charged and form (along with Lys-94, Arg-138, Arg-139, and R147A) the borders of the concave surface depression, which, in microsomal P450s, serves as a site for binding of OR, a common redox partner (31, 32) . Hence, we generated the K422A and R424A CYP46A1 mutants to evaluate whether they affect EFV and OR binding and the K94A, R138A, R139A, and R147A mutants to map the OR binding site. The K422A and R424A CYP46A1 replacements were assessed for activation by EFV, spectral responses to the addition of cholesterol and EFV, as well as apparent OR binding, as evaluated by the K m and k cat of the OR-CYP46A1 complex. The R138A, R139A, and R147A mutants were studied for the apparent OR binding only. The K94A replacement produced inactive P420 protein and therefore was not evaluated. The K422A mutant retained the ability to be activated by EFV, although to a slightly lower extent than the wild-type CYP46A1, whereas the R424A mutant had a total loss of this ability (Fig. 5 ). Similar to cholesterol-bound wild-type CYP46A1, the cholesterol-bound K422A mutant showed a cooperativity (sigmoidal curve) of EFV binding in the spectral assay and had essentially the same spectral parameters (the apparent K d and Hill coefficient) of this binding (Fig. 6A) . In contrast, no cooperatively was observed in EFV binding to the cholesterol-bound R424A mutant whose binding curve was of a hyperbolic shape. The spectral K d of EFV in this assay was altered as well and was Ͼ10 times lower than that for the wild type. Cholesterol binding to the R424A mutant was tighter as indicated by its apparent K d , which was lower than those for the wild-type and K422A mutant (Fig. 6B ). However, in the presence of EFV, cholesterol elicited only a very weak spectral response (⌬A max ϭ 0.009/ nmol of P450) in the R424A mutant, precluding the determination of its spectral K d (Fig. 6C) . The cholesterol K d values for the wild type and K422A mutant were similar in this assay. Thus, the R424A replacement affected EFV binding to the allosteric site and cholesterol binding to the CYP46A1 active site.
Both the K422A and R424A mutants had impaired interactions with OR, as indicated by the increased redox partner K m values for these mutants relative to that for wild-type CYP46A1 (5.5-and 3.8-fold, respectively) ( Fig. 7) . A weakened OR binding to the K422A mutant could be a reason for its slightly lower activation by EFV. The OR K m values for the R138A and R139A mutants were increased as well, and that for the R147A mutant remained unchanged. Thus, the concave depression on the proximal CYP46A1 surface defined by Lys-422, Arg-424, Arg-138, and Arg-139 seems to indeed represent the site of the P450 OR binding. The effect of the K422A, R424A, R138A, and R139A replacements on catalysis was different. The former three did not significantly alter the CYP46A1 k cat , whereas the later increased the k cat almost 2-fold.
Discussion
In this work, we combined differential HDX with computational docking and site-directed mutagenesis and mapped the allosteric site for EFV responsible for positive modulation of CYP46A1-mediated cholesterol 24 hydroxylation. The identified site turned out to be very close to one of the three sites (near Pro-429) that had the lowest free energy of EFV binding to CYP46A in our computational docking (13) . However, this site had a different EFV binding pose and was among the other potential 35 EFV binding sites suggested by our in silico predictions based on their negative free energies of EFV binding. Thus, our previous computational studies provided valuable information about potential sites and modes of EFV binding and demonstrated that all predicted sites should be considered until additional experimental data become available.
We also outlined the binding region for the CYP46A1 redox partner OR and established that the CYP46A1 allosteric site and the redox partner-binding region are adjacent and share a common border formed by Lys-422 and Arg-424. The K422A and R424A substitutions had similar effects on CYP46A1 interactions with OR, namely impairing these interactions (Fig. 7) , but differential effects on EFV-induced CYP46A1 activation as FIGURE 2. Differential HDX analysis for the CYP46A1 complex with cholesterol versus substrate-free CYP46A1. A, colored bar mapping of the consolidated regions with altered deuterium uptake in the CYP46A1 primary sequence. Only negative ⌬D% values were found, as indicated by the black, dark olive, and light olive bars below the primary CYP46A1 sequence according to the color code shown at the bottom. The dashed lines above the primary P450 sequence indicate the CYP46A1 secondary structural elements. B, mapping of the regions with altered deuterium uptake on the CYP46A1 crystal structure (PDB code 2Q9F). The heme is shown in red and cholesterol sulfate in green. The nitrogen, oxygen, and sulfate atoms are shown in blue, red, and yellow, respectively. The black horizontal line separates the cytosolic (above) and membrane-associated (below) portions of CYP46A1. C, kinetics of deuterium incorporation in eight representative peptides from the CYP46A1 regions that showed significant differences between cholesterol-bound CYP46A1 (blue) versus substrate-free CYP46A1 (red). The results are mean Ϯ S.D. of triplicate measurements.
well as drug and cholesterol binding ( Figs. 5 and 6) . Overall, the studied properties of the K422A mutant were similar to those of the wild type (except impaired OR binding), whereas the properties of the R424A mutant were very different. The R424A mutant did not seem to bind EFV at the allosteric site and undergo EFV-induced activation. It also showed a tighter cholesterol binding at the active site in the absence of EFV and a very weak spectral response to cholesterol in the presence of EFV.
The differential HDX data as well as the properties of the K422A and R424A mutants are consistent with one of our previous models of allosteric EFV binding to CYP46A1 (13) , which was generated based on a high-resolution, 1.9-Å crystal structure of cholesterol sulfate-bound CYP46A1 (PDB code 2Q9F). This is a very hydrated structure containing 125 water molecules that are bound to both the protein surface and protein interior (Fig. 8A) and stabilize the P450 structure by forming an extensive hydrogen bond network. For EFV docking, however, water molecules were removed from the CYP46A1 structure, thus enabling the positioning of EFV in a surface depression filled by five water molecules (Wat-725, 730, 748, 749, and 751; Fig. 8B ). The location of one of these molecules, Wat-751, overlaps with that of the EFV cyclopropyl ring, suggesting that, upon binding, EFV displaces this and likely other water molecules in the CYP46A1 allosteric site and thereby alters the hydrogen bond network involving these molecules. Indeed, the hydrogen bond contacts of Wat-751 include Wat-748, which in turn is hydrogen-bonded to the side chain of Glu-91 through Wat-808, Wat-783, and Wat-793 ( Fig. 8B) . Glu-91 is located in helix B, a surface helix that is flanked on both sides by the secondary structural elements that define the sides of the CYP46A1 active site: the ␤1-1/␤1-2 sheets and the A helix from the N terminus and the B' helix from the C terminus (Fig. 8B) . The ␤1-1/␤1-2 loop region, in turn, has contacts with the F-G FIGURE 3. Differential HDX analysis for the CYP46A1 double complex with EFV and cholesterol versus the CYP46A1 complex with cholesterol. A, colored bar mapping of the consolidated regions with altered deuterium uptake in the CYP46A1 primary sequence. The color code is shown at the bottom. The dashed lines above the CYP46A1 primary sequence indicate the protein secondary structural elements. B, mapping of the regions with altered deuterium uptake on the CYP46A1 crystal structure (PDB code 2Q9F). Coloring of the atoms is as in Fig. 2 . The black horizontal line separates the cytosolic (above) and membrane-associated (below) portions of CYP46A1. C, kinetics of deuterium incorporation in eight representative peptides from the CYP46A1 regions that showed significant differences between the CYP46A1 double complex with EFV and cholesterol (blue) versus the CYP46A1 complex with cholesterol (red). The results are mean Ϯ S.D. of triplicate measurements.
loop and the F helix, which also form the sides of the CYP46A1 active site. All active site regions connected to the B helix showed an increase in the differential HDX for the double CYP46A1 complex with EFV and cholesterol versus complex with cholesterol ( Fig. 3) . Hence, we propose that the mechanism of CYP46A1 allostery could involve the alteration of the hydrogen bond network of the enzyme (either its disruption, reconfiguration, or weakening), leading to an increase in the HDX of the active site regions covered by this network. An increased rate of amide exchange could in turn affect the rate of CYP46A1 catalysis because water plays an important role in the catalytic cycle of P450 by providing protons. Substrate binding could be affected as well because of the altered hydration of the CYP46A1 active site and easier displacement of Wat-718 serving as the sixth heme iron ligand.
Water is often necessary for the formation of protein crystals and may not bind to the protein when it is in solution. Therefore, we analyzed the properties of the K422A and R424A mutants to obtain further support for our proposed mechanism of CYP46A1 allostery. If this mechanism is correct and water is bound to CYP46A1 in solution, the replacement of Lys-422, whose carbonyl is hydrogen bonded to Wat-751, should not affect the CYP46A1 hydrogen bond network because Wat-751 is displaced anyway by EFV binding. EFV should still activate the K422A mutant and did not significantly affect the enzyme active site. Indeed, the K422A mutant was not very different in this respect from the wild type ( Figs. 6 and 7) , consistent with its predicted properties. In contrast, the substitution of Arg-424 could have more significant effects on the CYP46A1 hydrogen bond network because the nitrogen and oxygen from the Arg-424 peptide bond interact with Wat-748 and 783, respectively, from the water network, linking the allosteric and active sites (Fig. 8B) . Thus, if the R424A substitution alters the position of the 424 peptide bond atoms, then it may also abolish CYP46A1 allosteric activation and have distant effects on the active site. The peptide coloring is the same as in Fig. 3 . B and C, spatial positioning of the putative EFV-and oxidoreductase-binding sites relative to the regions with altered deuterium uptake in the CYP46A1 complex with cholesterol versus substrate-free CYP46A1 and the CYP46A1 double complex with EFV and cholesterol versus the CYP46A1 complex with cholesterol, respectively. The CYP46A1 orientation and peptide coloring are the same as in Figs. 2B and 3B. These predicted consequences are also in a good agreement with the observed properties of the R424A mutant ( Figs. 5-7) . Furthermore, the Arg-424 replacement revealed that the alterations in the CYP46A1 hydrogen bond network lead to the altered K d values of cholesterol and EFV for the R424A mutant. These effects could be due to changes in the active site hydration and/or conformation. Thus, the results of the differential HDX and functional characterizations of the CYP46A1 mutants are in agreement with each other and could be inter-preted based on hydration of an available CYP46A1 crystal structure. All these data support our proposed mechanism of CYP46A1 allostery.
Besides the mechanistic insight, mapping of the EFV binding site is of practical relevance because it will help us identify additional CYP46A1 activators among marketed drugs. Our in silico dockings will now be restricted to the mapped allosteric site, and our intuitive predictions (10) will be based on the knowledge of the size and shape of the CYP46A1 allosteric site. We also obtained an opportunity for a structure-based design of compounds more potent for CYP46A1 activation than EFV.
This investigation also seems to provide an explanation for several structure-function observations in the P450 field that are still not well understood. The first is the effect of substrate binding on the redox partner binding and vice versa when binding of the redox partner and substrate exhibits strong positive cooperativity. The phenomenon is exemplified by CYP11A1, which, like CYP46A1, uses cholesterol as a substrate (33) . The second is the data from the directed evolution approach, as exemplified by the mutagenesis of CYP2B1. These studies revealed that substrate binding and metabolism are influenced not only by the active site residues but also by residues outside of the active site (34, 35) . Our work suggests that, in both cases, this could be when a distant residue/region in question participates in the hydrogen bond network connected to the P450 active site. This explanation is illustrated by Arg-424 in CYP46A1, found to be involved in both EFV and redox partner binding, as well as Lys-139, whose mutation impairs OR binding but increases the P450 k cat almost 2-fold ( Fig. 7) . Thus, studies of the CYP46A1 allostery provided information of general significance for the P450 superfamily.
In conclusion, we mapped the allosteric site in P450 (CYP46A1), which is the principle cholesterol hydroxylase in the brain and a potential therapeutic target for Alzheimer disease. We suggest how changes in the P450 surface allosteric site could be transmitted to the distant active site and will test our proposed mechanism in the future by crystallizing the R424A mutant and performing additional site-directed mutagenesis. Our findings appear to be applicable to other members of the P450 superfamily and will hopefully advance our understanding of some of the structure-function relationships in this important family of enzymes.
